ABSTRACT The ability to strongly and sequence-specifically attach modifications such as fluorophores and haptens to individual double-stranded (ds) DNA molecules is critical to a variety of single-molecule experiments. We propose using modified peptide nucleic acids (PNAs) for this purpose and implement them in two model single-molecule experiments where individual DNA molecules are manipulated via microfluidic flow and optical tweezers, respectively. We demonstrate that PNAs are versatile and robust sequencespecific tethers.
P eptide nucleic acids (PNAs) are synthetic molecules composed of a peptide backbone and nucleic acid bases, which confer upon them DNA sequence recognition. They form strong and specific bonds to sequences in double-stranded DNA (dsDNA), via four different binding modes, depending on their design. 1 Due to a neutrally charged backbone, their binding to dsDNA deviates substantially from that of conventional oligonucleotides. These differences are exploited in the many applications of PNAs, which are covered in a number of excellent works. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] While a myriad of PNA applications have been developed, we seek to focus on the promising application of PNAs as tools for single-molecule experiments and to highlight the advantages of single-molecule experiments for optimizing PNA-DNA binding conditions. Many single-molecule dsDNA experiments require a method to attach a desired modification to a specific, nonterminal location on dsDNA. The modification is usually a small molecule such as a hapten [12] [13] [14] or fluorophore. [15] [16] [17] The modification can facilitate sequencespecific detection or attachment of other components, such as nanospheres. Ultimately, such methods are being explored for a range of single-molecule biophysics experiments, for single-molecule genotyping, and for sequence-based separation methods. Since PNAs are currently commercially available with a choice of modifications including haptens, such as biotin, and fluorophores, such as TAMRA, they are excellent tools for attaching sequence-specific modifications to dsDNA.
There are several notable examples of single-molecule DNA experiments successfully employing PNAs, primarily to locate sequences on genomic-length DNA using various approaches. 12, 15, 16, 18, 19 While there are other commonly used techniques to introduce site-specific modification for single-molecule DNA experiments, 17, [20] [21] [22] [23] [24] [25] [26] PNAs are advantageous because they are compatible with cofactors such as Mg 2+ and nondestructive to dsDNA. Furthermore, they do not require ligation and bind with high specificity and yield. 15 While PNAs have many favorable attributes, their binding conditions require careful optimization.
Here we describe two model experiments that demonstrate the virtues of PNAs as tools for single-molecule DNA experiments. In the first, individual PNA-DNA complexes are studied via fluorescence microscopy. The DNA backbone is fluorescently stained, the bound PNAs are labeled with fluorescent nanospheres, and the complexes are stretched either on a slide or in a stagnationpoint extensional flow, which produces controlled, precise extension of the DNA (Figure 1 ). In the second, individual PNA-DNA complexes are characterized via optical tweezers. A sphere attached to one end of the PNA-DNA complex is manipulated with optical tweezers while a second sphere, attached to the bound PNA, is held stationary by suction on a micropipet (Figure 2 ). Collectively, these single-molecule experiments with 8 bp bisPNAs demonstrate that (i) PNA-DNA binding optimization can be performed simultaneously across all target sites for an entire genomic-length DNA molecule, (ii) PNAs can be used to locate specific dsDNA sequences on individual DNA molecules, (iii) PNAs can serve as sequence-specific tethers for optical tweezer setups, and (iv) the PNA-DNA bond can sustain forces of roughly 60 pN on average.
The two bisPNAs used here, referred to as flPNA and twPNA for fluorescence microscopy and optical tweezer experiments, respectively, are functionalized with TAMRA at the N-terminus and biotin at the C-terminus (see Supporting Information). The target binding sites for flPNA and twPNA are GAGAAGGA and AAGAGAAA, respectively. PNA-DNA binding conditions were first optimized for specificity because, in addition to binding to target sequences, PNAs are known to bind to sequences that have single-end mismatches (SEMM) or double-end mismatches (DEMM). 12, 15, 16 The traditional approach to determining the extent of PNA binding and specificity is a bulk gel-shift assay. Subsequent to hybridizing DNA with PNA at a given set of conditions, the mobility of fragments of DNA containing either a target site or mismatch site is compared. A representative example of this optimization process for flPNA is presented in the Supporting Information. While the widely used bulk gel-shift assay is informative, it is limited in that the nonspecific binding sites must be anticipated and, thus, such sites will only be discovered if the appropriate fragments are selected in advance.
To simplify the binding optimization procedure and decrease the opportunities for nonspecific binding, PNA sequences should be selected such that the occurrences of SEMM and DEMM sites, particularly when clustered, are minimized. The locations of the target, SEMM, and DEMM sites are easily determined by searching a known DNA sequence. When all of these sites are binned in the same way as the experimental data, the histograms provide the locations of potential erroneous peaks. In Figure 3a , the predictive binding map for the binding of flPNA on λ-DNA, there is a cluster of DEMM sites between 30 and 40 kbp. There are also clusters consisting of both SEMM and DEMM sites between 40 and 50 kbp. This type of nonspecific binding, where a cluster of low-likelihood binding events appears as a substantial peak in the binding location histogram, is made obvious by the predictive binding map ( Figure  3a ) and would not have been detected with the traditional bulk gel-shift assay approach. When the binding reaction is not followed by additional heating to optimize binding, the slide-stretching assay indeed reveals extensive nonspecific binding (Figure 3b) .
Using a simple single-molecule slide-stretching method, entire molecules, up to several mega-base-pairs in size, 27 can be assayed simultaneously for nonspecific binding. The specificity of binding conditions can be evaluated by stretching the PNA-DNA complexes created at those conditions on a slide and determining the positions of the labels. The presence of a fluorescent label, as opposed to a single fluorophore, simplifies this approach by not requiring a TIRF setup or too much attention to reducing background fluorescence. The flPNA and λ-DNA complexes (flPNA-DNA) were formed in a binding reaction that was incubated at 37°C for 25 h. Drop dialysis was performed to remove excess flPNA. To optimize binding specificity, the recovered volume was heated to 63°C for 15 min following dialysis. Immediately after heating, the NaCl concentration was brought to 100 mM to inhibit any further binding. The flPNA-DNA complexes were labeled with 40 nm NeutrAvidin-coated fluorescent polystyrene spheres and stained with YOYO-1 prior to slide-stretching. A 5 µL drop of stained, labeled flPNA-DNA in slide-stretching buffer was deposited onto an untreated glass slide (see Supporting Information). After 1 min, a poly-L-lysine-coated coverslip was deposited onto the drop. Individual DNA molecules were stretched onto the positively charged surface by the receding meniscus. For both slide-stretching and flow-stretching (discussed below), the locations of the labels on individual DNA molecules are readily determined from intensity profiles along each DNA backbone, imaged via fluorescence microscopy ( Figure 4) . The most compelling advantage of this slide-stretching approach is that mismatch sites do not need to be anticipated and all types of mismatches are detected. This is particularly important when clusters of low likelihood mismatches are present and can result in erroneous peaks.
When the binding conditions are optimized, slide-stretching reveals only binding to the target sites (Figure 5a ). The target site positions can be visualized by fitting Gaussians to the two apparent subpopulations. Note that both the predicted and experimental maps of binding locations are modified such that all sites are on one-half of the molecule. This approach is consistent with procedures used in other single-molecule studies 20, 23, 26, 28 and is necessary because, when there is only one label on a DNA molecule, the orientation of the DNA molecule is not known. Furthermore, both target binding sites for flPNA are known to be on the same half of the λ-DNA molecule. The label locations determined via slide-stretching (Figure 5a) , which indicate the locations of flPNA binding sites on λ-DNA, are 23.6 ( 3.3 and 40.5 ( 3.0 kbp for the middle and end peaks, respectively. With slide-stretching, absolute error for the middle peak is 0.8 kbp (target binding site at 24.4 kbp) and for the end peak is 1.1 kbp (target binding site at 41.6 kbp). After the binding conditions of the flPNA-DNA complexes were optimized for specificity using the slide-stretching assay, the flPNA-DNA binding was more rigorously determined using a flow-stretching assay, which allows for better fidelity in linearizing the DNA and better localizes the binding locations. The stained, labeled flPNA-DNA complexes were hydrodynamically trapped and stretched in a stagnation-point extensional flow generated in a microfludic cross-slot geometry (Figure 1) , and the positions of the labels were then determined in the same manner as for slidestretched molecules. Such microfluidic devices have been used extensively to study single DNA molecules. [29] [30] [31] [32] [33] The channel cross-section of the PDMS flow cell was 800 µm by 120 µm and the fabrication is described elsewhere. 28 As illustrated in Figure 5 , when the same flPNA-DNA complexes are analyzed via slide-stretching and flow-stretching, the latter produces a more accurate and precise map. Flowstretching increases the accuracy and precision of the label position measurements relative to slide-stretching because it results in a narrower distribution of DNA extension and the flow eliminates "false positives" that occur in slidestretching when free fluorescent nanospheres are coincidentally adsorbed to the slide near a stretched DNA molecule. In addition, in the present experiments, the flowstretching conditions allow for somewhat greater mean extension of the DNA molecules. Comparing the distribution of DNA extensions, represented as percentage of the DNA contour length, slide-stretching results in 89% ( 6% while flow-stretching results in 96% ( 3%. The same label locations determined via flow-stretching (Figure 5b ) are 24.0 ( 1.5 and 42.4 ( 1.6 kbp for the middle and end peaks, respectively. With flow stretching, absolute error for the middle peak is 0.4 kbp and for the end peak is 0.8 kbp. Thus, utilizing labeled PNAs, the single-molecule flow-stretching assay correctly localizes target sequences to within 1 kbp, which is comparable to other single-molecule sequence detection methods. 23, 26, 28, 34 This flow assay demonstrates the ability of PNAs to serve as indicators of specific sequences on dsDNA.
To demonstrate that PNAs can also be applied as tethers for optical tweezer experiments, the strength of the PNA tether was evaluated. Ideally, tethers for nucleic acids in optical tweezer experiments should be able to sustain forces at least on the order of tens of piconewtons. Forces in this range are characteristic of the folding of RNA and some proteins [35] [36] [37] and forces exerted by many molecular motors that act on DNA and RNA. [38] [39] [40] [41] [42] As these optical tweezer experiments required distinct attachment sites to two beads, a digoxigenin-modified DNA, half-λ-DNA-dig, was first formed as a precursor. TwPNA-DNA-dig complexes, which have a bound biotinylated PNA, were formed from twPNA and half-λ-DNA-dig in a binding reaction incubated at 45°C for 5 h, then cooled to 4°C over 30 min. The NaCl concentration was brought to 50 mM to inhibit any further binding, and the reaction volume was heated to 50°C for 10 min to enhance binding specificity. Note that since twPNA and flPNA bind to different target sequences, their binding conditions were optimized separately, resulting in different optimal binding conditions.
Individual twPNA-DNA-dig complexes were manipulated via two spheres attached to the biotinylated PNA and the dig modification, respectively (Figure 2 ). In addition, similar control molecules that were not tethered via twPNA, called biotin-DNA-dig (see Supporting Information), were subjected to the same routine. Control molecules did not exhibit any rupture, indicating that rupture of the twPNA-DNA-dig complex is due to the twPNA-DNA bond. The twPNA-DNA-dig complexes were repeatedly stretched and relaxed between 0 and 90 pN at a rate of 175 nm s -1
. Several twPNA-DNA-dig complexes were robust to the repeated application of 90 pN forces. For the twPNA-DNA-dig complexes that ruptured at forces below 90 pN, there was a unimodal distribution of rupture forces ( Figure 6 ) with a mean rupture force of 57.3 pN and a standard deviation of 14.5 pN (sample size of 12 molecules). While this rupture force distribution directly characterizes only the specifically bound twPNA used here, we expect the values to be of the same order for other 8 bp bisPNAs with similar base content. Note that we only consider here those complexes where the twPNA was specifically bound. DNA molecules with specifically bound twPNAs are easily distinguishable in the optical tweezer experiment. When the DNA is stretched to its contour length, the distance between the two beads is known and corresponds to the distance between the end of the DNA and the twPNA binding location. The binding properties of PNAs make them attractive candidates for single-molecule dsDNA recognition and manipulation. Typical nucleic acid studies use biotin-streptavidin bonds and the weaker dig-antidig bonds. The mean rupture force of the PNA-DNA bond compares favorably with the rupture force of a single dig-antidig bond, roughly 20 pN at these loading rates, 43 making PNA-mediated tethers another excellent alternative to biotin-mediated tethers for nucleic acid manipulation. The strength of interaction for a typical 8 bp bisPNAwithDNAiswell-suitedforopticaltweezerexperiments. In conclusion, while the versatility of PNAs and their many uses have been discussed widely in the literature, little direct attention has been paid to their potential specifically as tools for single-molecule experiments. They are commercially available and can be synthesized with fluorophores or haptens, their binding to dsDNA is strong and specific, and they are compatible with cofactors required in many single-molecule biological assays. We present both design considerations for PNAs and an approach to optimizing their binding to dsDNA. We discuss their desirable attributes for single-molecule experiments and demonstrate this capacity with both fluorescence microscopy and optical tweezer single-molecule DNA studies. PNAs are amenable to labeling and can be used to locate specific dsDNA sequences, to act as obstacles at specific DNA sequences, or as strong sequence-specific tethers for optical or magnetic tweezer setups. With careful attention to PNA design and optimization of binding conditions, PNAs have great potential as versatile tools for single-molecule research.
